Abstract-This paper extends what it known about the aspiration efficiencies of blunt aerosol samplers at large angles and under 'orientation-averaged' conditions to the important case of personal samplers worn by workers. Attention is focused on three sampling devices which have particular relevance to industrial hygiene sampling in Britain, the United States and elsewhere. A semi-empirical model for aspiration efficiency is described, based on physical considerations of the nature of air and particle motion near an asymmetric sampling system, like that relevant to personal sampling. The resultant model contains a number of coefficients which are fitted by non-linear regression to experimental data sets which were available from previously published experiments for the three samplers in question. Agreement for all three data sets is good, with an overall Rl on of 68%. Such semi-empirical models can be useful for predicting and interpreting sampler performance until practical versions of more rigorous mathematical and numerical models become available.
INTRODUCTION
For aerosol measurement to be meaningful in relationship to human health, it should be carried out in a way that properly reflects the nature of exposure. This realization led during the past decade to increasing acceptance of the idea that health-related sampling should be based in the first instance on human 'inhalability'. From the results of wind tunnel studies to determine experimentally the aspiration efficiency of a life-sized mannequin with simulated breathing, broad international concensus has emerged on a quantitative definition of inhalability (/). The version which is appropriate to workplaces is that which was first proposed by the American Conference of Governmental Industrial Hygienists (ACGIH, 1985) based on the recommendation of Vincent and Armbruster (1981) . This is given by a curve which expresses / as a function of particle aerodynamic diameter (d ae ), thus /=0.5[l+exp(-0.064 e )]
for d ae up to at least 100 /zm. In this equation, d ae is expressed in [fan] and U in [ms" 1 ] . This is the form which has more recently appeared in the harmonized criteria adopted by the International Standards Organization (ISO, 1992) , the Comite Europeen Normalisation (CEN, 1992) and ACGIH (1994 ACGIH ( -1995 . There is now a drive to identify new generations of aerosol sampler designed from the outset to match the inhalability criterion.
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Physically, all aerosol samplers-including the human head itself-are aerodynamically 'blunt'. In principle, it should be possible to develop a numerical model, based on the full description of flow fields and particle trajectories (with appropriate boundary conditions), which will enable the rigorous prediction of aspiration efficiency for all possible sets of conditions. Unfortunately, however, although progress is being made towards the development of such a full theoretical description of blunt sampler aspiration efficiency [most notably by Professor D. B. Ingham and his colleagues at the University of Leeds, U.K., in a long series of papers from Ingham (1981) onwards], no complete model exists at present. The most difficult part is for samplers which are not facing towards the wind. For these, the best prospect in the short term is to follow the semi-empirical 'impaction model' along the lines described by Vincent (1987 Vincent ( , 1989 . This approach was taken in a recent paper aimed at describing sampler aspiration efficiency at large angles (0 = n/2 and n, respectively) (Tsai and Vincent, 1993) . This model was subsequently extended to describe the orientation-averaged aspiration efficiency of the human head and two rotating-head samplers of the type intended for static (or area) measurement of the inhalable fraction (Tsai et al., 1995) . Orientation averaging was considered to be the most appropriate-albeit idealized-simulation of what occurs during actual human exposure in the workplace. All the sampling systems described, including the human head, were further characterized by their intrinsic symmetry. That is, the sampling orifice is located centrally on a body which, during changing orientation, presents the same profile to the oncoming flow.
The present paper describes a still further extension of ideas contained in the two preceding papers, applying them to the more complicated case of a personal sampler mounted on the human torso. Here, the sampling configuration is intrinsically asymmetric, resulting from the fact that: (a) the human body presents a different profile to the oncoming flow as orientation is varied; and (b) the sampler itself is asymmetrically located on one face of the body cross-section.
The new model has been developed for three personal samplers considered to be important in relation to modern workplace aerosol sampling. These are (see Fig. 3 ):
-the closed-face personal sampler with a 4-mm forwards-facing sampling orifice [of the type recommended by the U.K. Health and Safety Executive (HSE, 1981) for the sampling of airborne lead], referred to here as the '4-mm sampler'; -the closed-face sampler with 7 x 4-mm forwards-facing sampling orifices [of the type currently recommended by the HSE (1991) for the sampling of inhalable aerosol], referred to here as the 'seven-hole sampler"; and -a new personal sampler developed at the Institute of Occupational Medicine (IOM, Edinburgh, Scotland, U.K.) specifically for sampling the inhalable fraction as defined in the latest recommendations (Mark and Vincent, 1986) , referred to here as the 'IOM sampler'. As in the previous modelling exercises cited, the approach taken is based on: (a) the application of knowledge about the broad features of air and particle transport in the vicinities of blunt samplers, allowing the development of semi-empirical models for specific aspects of the aspiration process; (b) the use of purely empirical relationships to describe those aspects where physical knowledge is either weak or lacking altogether; and (c) the statistical fitting of empirical coefficients by reference to good experimental data available in the literature for a variety of sampling devices and for the human head. The aim is to develop a single predictive model which is capable of describing aspiration efficiency for all three of the samplers listed when worn on the human torso.
THE SEMI-EMPIRICAL ASPIRATION EFFICIENCY MODEL

Basis
The new model described in this paper is founded in the first instance on reliable models for the aspiration efficiency of a simple symmetrical sampling system when the orientation of its sampling orifice with respect to the wind is 0 = 0, n/2 and n (i.e. do, A n/2 and A n , respectively). These have been fully described elsewhere (Tsai and Vincent, 1993; Tsai et al., 1995) . They may be summarized as follows.
-For A G :
where F* is the density of water (10 3 kg m~3); fi is the viscosity of the air; 3 and D are the diameters of the sampler orifice and the sampler body, respectively; the as and Sti and St 2 are the 'impaction efficiencies' and Stokes' numbers, respectively, for particle transport in the two parts of the flow identified above; U and U s are the freestream and sampling velocities, respectively; and g\ and g 2 are empirical coefficients. The parameter <j> is the ratio of the sampling flowrate to the flowrate of air geometrically incident on to the sampler body. It is, in effect therefore, the aspect ratio of the limiting stream surface which separates the aspirated flow from the freestream flow. This model performs quite well when tested against the results of experiments for relatively axisymmetric samplers facing directly into the wind (Chung and Ogden, 1986; Vincent, 1987) , providing a good fit when g\ =0.25 and g 2 = 6.0. -For A n i 2 :
-For A n :
Aspiration efficiency averaged over all orientations 0 is given by and this could be evaluated fully if we knew ,4(0) for all orientations. Unfortunately this knowledge is not available at present. So it is proposed to develop a model for A(&) as a function of 0 which is 'anchored' with reference to the quantities we can write down with some confidence-A o , A n/2 and A n .
Since personal samplers are designed to be mounted on the human body to simulate worker exposures, the human body must be regarded as part of the overall blunt sampling system. For the purpose of reducing the inconvenience to the worker, such samplers usually mounted on either the right or left lapel. The resultant offcentred position leads to the asymmetric situation referred to earlier. Thus, for the purpose of developing an aspiration efficiency model for personal samplers like those described, some modifications to the model proposed by Tsai et al. (1995) for the symmetric case are required.
Development
Consider the diameter of the sampler orifice, <5, and assume that the cross-section of human body can be represented by a rectangle of width (D\) and thickness {D 2 ) equal to 40 and 15 cm, respectively. Further consider that the distance (D) of the sampling orifice away from the centre of the leading edge of the human body is 10 cm, so that the angle that the position of the sampler makes with the centre of the body is given by a = tan ~ '(4/3). A schematic of this sampling system is shown in Fig.  1 , indicating the key features of what happens as the orientation of the body (simulating the worker) is varied from 0 to 2n.
As a starting point, let 0 = 0 when both the sampler and human body are exactly facing the wind. Then let the body rotate steadily in the clockwise direction. To readjust the whole sampling system into the asymmetric situation, we now examine the sampler's orientation in terms of the five positions shown in Fig from -phase IV: the second forwards-facing aspiration efficiency An( position (d) to (e). First, it should be noted that, unlike for the static sampling system described in our earlier paper, the orientations covered in each phase are not equal owing to the asymmetry of the body (i.e. D\ is not equal to D 2 ). This time the angles covered by each of the four phases are (n/2 + a), (n/2-a), (n/2 + a) and (n/2 -a), respectively. Second, Af\(&) is seen by inspection to revert to AQ when 0 is -a, and to A n / 2 when 0 is n/2. Similarly, A hl (&) reverts to A n/2 when 0 is n/2, and to A n when 0 is n-a. Likewise, Ax, 2 (®) reverts to A n when 0 is n -a, and to A n / 2 when © is 37t/2; and A n (&) reverts to A K/2 when 0 is 3^/2 and to A o when 0 is 2n -a. Third, the size of sampling orifice, the body size and the sampling velocity that are used to calculate The evidence from experiment as well as existing blunt sampler theory (Vincent, 1989; Tsai and Vincent, 1993) suggests that .4 (0) 2 for ji-a <0<3TI/2 (8)
where the ^fs and (i b s may be regarded as distribution functions for the forwardsand backwards-facing phases. These embody the effects of St, R and r on the distribution of A(Q) according to the suggested relationships /i fl =A: n Stg" 4" #• (10)
(12)
Equations (10)- (13) deserve some additional comment. First, they are-as statedentirely empirical, and so have no direct physical basis, other than reflecting the trend of the behaviour that has been observed. Second, it is assumed that distribution function at both forwards-facing phases are governed by Sto, RQ and r 0 . Likewise both backwards-facing phases are governed by St n / 2 , R n /2 and r n/2 . Third, based on the results obtained for the static sampling system (Tsai et al., 1995) , it is suggested that the particle concentration throughout most of the very-near wake region will be quite very uniformly distributed. Thus, to simplify the aspiration efficiency predictive model for the personal sampling system, it is reasonable to assume that both JX\,\ and ^,2 are equal to 0. This simplification leads to
(15)
From Equation (5) the orientation-averaged aspiration efficiency is given by
From Equations (6)-(9) and integrating, we obtain 2n){(7t/2 + <x)[vlo-(4>-^,/2)/O*fi + 1)]
By substituting a with tan~'(4/3), as mentioned earlier, the orientation-averaged aspiration efficiency becomes
Here, A Q , A n/2 and A n are quantities that can be calculated on the basis of Equations (2)-(4). The eight fe f values contained in the equations for /i ri and nn are the remaining unknown coefficients. These may be estimated by comparing Equation (18) with appropriate experimental data.
EXPERIMENTAL DATA Experimental data for testing this model are available directly from the work conducted by Mark and Vincent (1986) . This work had been aimed at investigating the performances of a number of commercially-available personal samplers as well as some investigation prototypes. The main purpose was to examine how well these devices sampled the inhalable fraction of airborne dust. All the experimental work was carried out in a large open-cycle, open-jet, low-speed wind tunnel having a working cross-section of width 2.5 m and height 1.5 m that permitted the use of a full-scale tailor's mannequin as the experimental subject. The wind tunnel was capable of providing windspeeds up to about 3 ms" 1 with a uniform velocity profile across the tunnel section. For the purpose of fixing the level of freestream turbulence in the wind tunnel flow, a square-mesh, lattice-type grid was placed across the entrance to the working section.
A number of personal samplers were tested in the Mark and Vincent (1986) study and in a later study reported by Vincent and Mark (1990) . However, in this research, results from just three were used, these being representative of personal samplers which are widely used in practical occupational hygiene. These were, as stated earlier, the 4-mm sampler, the seven-hole sampler and the IOM sampler. They are shown in Fig. 3 .
In the experiments themselves, each of the personal samplers described was mounted in the lapel position of the mannequin. Full experimental details are given in the papers cited. In each test, aspiration efficiency was determined from the ratio of the concentration of each narrowly-graded fused alumina test aerosol entering the sampler with that entering the mouth of the mannequin under simulated 'at work' breathing condition (20 1. min" 1 , 20 breaths min" 1 ), corrected for inhalability using Equation (1). The test aerosol covered the range of mass median particle aerodynamic diameter from about 6 to 80 /zm, and experiments were performed for windspeed in the range 0.5-2.6 m s~\
The measured aspiration efficiencies of the samplers of interest have never previously been tabulated in full. Since they might be of interest to other workers they are tabulated here in Table 1 .
COMPARISON BETWEEN THE MODEL AND THE EXPERIMENTAL DATA
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A total of 152 data records (including 52, 52 and 48 records for the 4-mm, the seven-hole and IOM personal samplers, respectively) were used to determine the best-fit values for the unknown coefficients in Equation (18). The best-fit combination of the coefficients was found to be: with J?corr = 0-68, which indicates that the fitted relationship accounts for 68% of the variation in the overall data set of experimentally-measured aspiration efficiency.
From this analysis, the fitted model is therefore
where it is considered sufficient to round the fitted coefficients to two significant figures. Figure 4 compares the measured aspiration efficiency (A m ) and calculated aspiration efficiencies (A t ) calculated from Equation (19) for all three data sets. From linear regression analysis, the slope of the relationship between these is 0.95, with a standard error of ±0.02 and i? 2 = 0.94. This indicates that the model predicts quite well the magnitudes and trends of the experimental data.
When we separately compare A m and A t for the three sampling systems studied (as shown in Figs 5-7 ) the individual regression coefficients and standard errors for the 4-mm, seven-hole and IOM personal samplers, respectively, are 0.94 + 0.04, 0.92±0.02 and 1.03±0.03. The corresponding R 2 values are 0.91, 0.96 and 0.96. Thus it is demonstrated that the model performs very well in estimating aspiration efficiency for those three sampling systems.
DISCUSSION
In view of the number of fitted coefficients that have been required in the generation of this model, we should not try to read too much into the detailed form of Equation (19). However, it is still worth examining some of the physical characteristics suggested by its general form. Based on the suggested model, it is clear that (in is general much greater than /z fl . This implies that the rate of decreasing aspiration efficiency with increasing sampler orientation when the sampler is in the first forwards-facing phase is much less than the rate of increasing aspiration efficiency with increasing orientation in the second forwards-facing phase. This is consistent with the fact that the change in flow distortion associated with the change of orientation in the first forwards-facing phase is much less than that for the second forwards-facing phase. This is partly because the former covers a wider angle. In Figs 5-7, although they demonstrate that the model performs very well in estimating aspiration efficiency for the three sampling systems chosen, some of the data records located at both upper right-hand corners of Fig. 4 deserve comment. These indicate that the suggested model underestimates aspiration efficiency for certain sampling situations. However, on closer inspection of the raw data, it is found that the data points in question all occurred for the smallest test particle size. These experimental data do not look realistic, suggesting the possibility of artefacts. The electric charge carried by the test particles is one possible cause since we might expect electrostatic forces to be most prominent for the smaller particles where inertial forces are weakest. Particle aerodynamic diameter, dae In order to bring out more clearly the comparison between the model and the experimental data, the predicted aspiration efficiency and the observed data are replotted as functions of particle aerodynamic diameter (d ae ) for the various windspeeds tested. Results are shown in Figs 8-10 for the 4-mm, seven-hole and IOM personal samplers, respectively. These graphs confirm that the model predicts quite well the performances of the sampling systems for all the ranges of conditions examined. We note, however, that the calculated curve for each sampling condition is not always monotonic. We cannot ascribe a physical basis for this since it is likely to result from the complex form of the largely-empirical expression that we have developed.
In Fig. 11 we have re-plotted the calculated curves for the IOM sampler and compared them with the inhalability curve. In this figure, the inhalability curve is Particle aerodynamic diameter, dae represented by the band enclosed by the +0.1 tolerance intervals suggested in 1985 by the ACGIH when Equation (1) was first proposed. It is seen that the performance of the IOM sampler, as described by the model, provides quite a good match with the inhalability criterion. Similar plots for the other two samplers (not shown) indicate clearly that the model reflects their undersampling with respect to inhalability over wide ranges of conditions.
CONCLUDING REMARKS
In this study we have modelled the aspiration efficiencies of three personal aerosol samplers when worn on the body (the mode of intended use). We considered: (a) the non-uniform distribution of aspiration efficiency with changing orientation (i.e. 0 from 0 to 2rc); (b) how that distribution changes with particle inertia and with flow and dimensional parameters; and (c) how that is influenced by the asymmetry of the human body itself and of the location of the personal sampler on it. These factors were taken into account in developing a semi-empirical model for predicting orientation-averaged aspiration efficiency for the samplers in question. The resultant model is seen to correlate well with experimental data from the three contrasting sampling systems-what we have referred to as the 4-mm sampler, the seven-hole sampler and the IOM sampler. The performance of the 4-mm sampler deserves special comment in the light of the fact that the size of its sampling orifice (4 mm) is the same as that for the 37-mm filter cassette (closed-face version) which is widely used for the sampling of 'total' aerosol, especially in the United States. Although in the use of the 4-mm sampler shown in Fig. 3 the orifice faces directly outwards, whereas for the 37-mm filter cassette the orifice usually faces downwards, it is very interesting to note that experimental data recently reported by Mark et al. (1994) for the 37-mm sampler are in good agreement with those for the 4-mm sampler shown in Fig. 3 . This means that the model, which works well for the 4-mm sampler, will also work well for the 37-mm filter cassette (closed-face). In terms of practical occupational hygiene, therefore, the model provides the opportunity to interpret and harmonize-in the light of the new particle size-selective criteriaresults obtained in workplaces using old or current personal sampling instrumentation. Such work is in progress and will be reported separately.
Finally, it is re-emphasized that, although the new model employs some quantitative and qualitative physical ideas as its starting point, it involves fitting a considerable number of unknown coefficients. So it is semi-empirical at best. Therefore, the model should be regarded primarily as an interim working approach to personal aerosol samplers until such time as more rigorous approaches have fully emerged (e.g. from studies like those being conducted by Ingham and others).
